The early twentieth century North American pluvial (1905)(1906)(1907)(1908)(1909)(1910)(1911)(1912)(1913)(1914)(1915)(1916)(1917) was one of the most extreme wet periods of the last five hundred years and directly led to overly generous water allotments in the water-limited American West. Here we examine the causes and dynamics of the pluvial event using a combination of observation-based data sets and general circulation model (GCM) experiments. The character of the moisture surpluses during the pluvial differed by region, alternately driven by increased precipitation (the southwest), low evapo- 
Introduction
The development of western North America (NA) during the twentieth century was largely made possible through human appropriation of natural water flows for industrial, municipal, and agricultural uses (e.g., Barnett and Pierce 2009; Christensen et al. 2004; Sophocleous 2010; Reisner 1993; Worster 1992) . One set of appropriations is legally formalized under the Colorado River Compact (CRC) of 1922 (Christensen et al. 2004; MacDonnell et al. 1995) , an international agreement that apportioned discharge from the Colorado River between the states in the Upper (Wyoming, Utah, Colorado, New Mexico) and Lower (California, Arizona, Nevada) Colorado River basins and Mexico (Christensen et al. 2004 ). The CRC apportionments are based on estimated climatological discharge at Lee's Ferry on the Colorado River of 22 billion cubic meters (BCM), using baseline flows from the early twentieth century (Christensen et al. 2004) . As development in the west continued, and as the long term hydroclimate in the west was clarified with longer instrumental records and paleoclimate reconstructions (Fye et al. 2003; Meko et al. 2007; Stockton and Jacoby 1976; Woodhouse et al. 2005) , the overly generous nature of the original CRC allocations became apparent.
For example, mean annual discharge at Lee's Ferry calculated over a much longer interval was only 18.6 BCM, ranging in any given year from 6.5 BCM to 29.6 BCM (Christensen et al. 2004 ). The reconstructed climatology extending back to 1512 C.E. is even lower (16.7 BCM), making it highly likely that the flows that formed the basis for the CRC were higher than the climatological baseline for the last 500 years (Christensen et al. 2004; Fye et al. 2003) .
The exceptionally high flow during the early twentieth century coincided with anomalous wet conditions throughout the west, spanning approximately 1905-1917, a period generally referred to as the early twentieth century pluvial (the term pluvial referring to wetter than normal conditions) (e.g., Fye et al. 2003 Fye et al. , 2004 Woodhouse et al. 2005) . This was the most persistent pluvial event in the west to occur during the twentieth century, and recent drought reconstructions based on networks of tree ring chronologies suggest it may have been the wettest period in the west anytime in the last thousand years (Cook et al. 2004 ). An analysis of temperature and precipitation records from the time suggested that the pluvial (as reflected in river discharge and drought metrics) arose from a combination of anomalously high winter-time precipitation and reduced evaporation from cooler than normal warm season temperatures (Woodhouse et al. 2005 ).
To date, few studies have discussed the underlying dynamics or causes of the early twentieth century pluvial. Fye et al. (2004) suggested that anomalously cool temperatures in the North Pacific and warm conditions in the tropical Pacific would have favored increased moisture flux into the southwest, although this was speculative because of the absence at the time of atmospheric circulation datasets covering this time period. Since then, however, new datasets and model simulations have become available, leaving us poised for an in-depth investigation into the causes of the early twentieth century pluvial in western NA. Here, we use available datasets and an ensemble of general circulation model (GCM) simulations to investigate the North American pluvial (1905) (1906) (1907) (1908) (1909) (1910) (1911) (1912) (1913) (1914) (1915) (1916) (1917) and assess 1) the relative importance of temperature versus precipitation for the pluvial moisture surpluses, 2) the dynamics underlying these anomalies, and 3) the importance of sea surface temperature (SST) forcing during this interval.
Methods and Data
Our analysis will use observation-based data sets and a suite of GCM experiments to investigate the physics and dynamics underlying the spatial structure and temporal evolution of the pluvial event. We divide the west into three regions separated by their own distinct climatologies and SST-drought teleconnections. Despite these differences, all three regions experienced significant wet conditions during the pluvial. Figure 1 and other subsequent figures.
a. Palmer Drought Severity Index
Droughts and pluvials may be defined in a variety of ways, depending on the research question of interest (Dracup et al. 1980) . At the core of all definitions, however, is the concept of a moisture deficit (droughts) or surplus (pluvials). While these surpluses and deficits are typically viewed primarily as a consequence of moisture supply (i.e., precipitation), they may also strongly depend upon evaporative demand. One drought index that incorporates information on moisture supply (via precipitation) and evaporative demand (as a function of temperature) is the Palmer Drought Severity Index (PDSI) (Palmer 1965 (Cook et al. 1999 (Cook et al. , 2004 (Cook et al. , 2007 Fye et al. 2003; Herweijer et al. 2007 ). We use the NADA to examine the spatial extent and intensity of the pluvial and also place the pluvial anomalies within the context of moisture variability over the last five hundred years. We also calculate a second set of PDSI values directly from available gridded monthly temperature and precipitation data (see below). We use this second dataset to look at the relative contribution of the PDSI anomalies during the pluvial by temperature versus precipitation.
b. Temperature and Precipitation
Gridded temperature and precipitation data are taken from version 2.1 of the Climate Research Unit (CRU) monthly climate grids (Mitchell and Jones 2005) . The CRU data are statistically interpolated from monthly station observations to a regular terrestrial grid at half degree spatial resolution and monthly temporal resolution, covering the time period . We use these data to look at seasonal temperature and precipitation anomalies during the pluvial and also use them in our own calculation of PDSI. We also use SST data from the Hadley Centre (HadISST; Rayner et al. 2003 ) and a dataset of global and hemispherically averaged temperature for the last 150 years (HadCRUTv3; Brohan et al. 2006) . A measure of the El Niño Southern Oscillation (ENSO), the NINO3.4 index, is also calculated from the HadISST dataset. Unless otherwise indicated, all temperature and precipitation anomalies are expressed relative to a 1961-1990 climatology. We recognize that there may be issues using this baseline period because of the strong warming trends over the twentieth century. However, we note that 1) this time period is still often used as the standard baseline in climate analyses, 2) data during this period is relatively well sampled spatially and temporally, and 3) it is difficult to develop a comprehensive baseline prior to the pluvial period and major warming trends.
c. Atmospheric Circulation
Data on atmospheric circulation and dynamics are taken from the Twentieth Century Reanalysis Project (Compo et al. 2006, submitted; Whitaker et al. 2004 ). This product covers the time span 1871-2008, using a data assimilation model forced by observed climate forcings and SSTs (from HadISST). This reanalysis only assimilates surface and sea level pressure observations, but has been used to investigate early twentieth century circulation features (e.g., Cook et al. 2010; Wood and Overland 2009) .
d. GCM Experiments
We also use results from a 16-member ensemble of atmosphere GCM simulations forced with observed SSTs to determine the extent to which SST forcing may be able to explain climate anomalies during the pluvial. These simulations cover 1856 to the near present, and have been previously used to investigate SST forcing of drought over NA with good success A look at the actual temperature (K) and precipitation (mm day -1 ) anomalies averaged over the three western regions during the pluvial provides some further insight ( Figure 5 ).
Overlain in the precipitation plots is a scaled down (60%) version of the NINO3.4 index (dashed line). When NINO3.4 is strongly positive, this is indicative of warm-phase El Niño events generally associated with increased winter and spring precipitation in the southwest and decreased precipitation during the same seasons in the northwest. During the pluvial, there were five significant El Niño events : 1905, 1906, 1912, 1914, and 1915 . anomalies are a bit more equivocal, with some major cool years (1912, 1915) , but otherwise near-normal temperatures. Over the SW and NW, the major precipitation season is DJF;
over CP most precipitation occurs during JJA ( Figure 5 , right panels). In the SW, there were major positive precipitation anomalies during both the early and later stages of the pluvial; this contrasts with the NW, which showed some minor increases in the beginning, but overall negative precipitation anomalies throughout. Remarkably, only two of the major precipitation years (1914 and 1915) in the SW actually correspond to El Niño events, despite the significant correlation between NINO3.4 and precipitation over this region and season (Pearson's r=+0.33). The other El Niño years (1905, 1906, 1912) are wet in the spring (MAM), although these anomalies are muted relative to DJF (not shown). As with the cool temperature anomalies, the positive precipitation anomalies in the CP begin before 1905.
These precipitation anomalies persist through the first four years of the pluvial; after 1908 the CP experiences precipitation deficits every years except for 1915.
c. PDSI: Temperature versus Precipitation
To what extent were the moisture surpluses during the pluvial, as reflected in PDSI, a consequence of enhanced precipitation versus reduced evaporative demand from cool temperature anomalies? To answer this question, we calculate our own PDSI using temperature and precipitation data from the CRU climate grids, spatially averaging over the three regions ( Figure 6 , top row). We expect these PDSI values to differ somewhat from the NADA PDSI in Figure 2 , as we use a different standardization period than the NADA and also a different underlying data set in our calculation (i.e., we calculate PDSI directly, rather than reconstructing from proxy time series). We also do not use any smoothing filter as in Figure 2 , in order to emphasize the year to year variability. Despite these differences, our calculated PDSI is generally quite similar to the NADA, showing the two-phase nature of the pluvial (pre and post 1910) in all three regions and the early start to the pluvial over the CP.
To test the importance of temperature versus precipitation during the pluvial, we alternately substitute climatological values instead of observed temperature and precipitation into the PDSI calculation. We substitute climatology for all months, rather than specific seasons, to account for minor but potentially important contributions from anomalies outside the main precipitation and evaporation seasons. conditions. In the NW there is a reduction in positive PDSI, although not to the same level as in the climatological temperature scenario. In the CP, substitution of climatological precipitation actually seems to enhance the pluvial, muting early PDSI anomalies slightly but completely eliminating the later drought years during the second half of the pluvial. From these results we conclude that the causes of the moisture surpluses varied across these three regions, driven by high precipitation (SW), low evaporative demand (CP), or a combination of both (NW).
Cool temperature anomalies, and the accompanying low evaporative demand, appear to be an important factor in the pluvial moisture surpluses. However, this explanation depends on the cool temperatures not being either 1) an artifact arising from their occurrence near the beginning of the twentieth century warming trends or 2) a result of increased precipitation, which would make things wet and cool by favoring latent over sensible heating at the surface. A look at global and hemispheric temperatures for the late nineteenth to early twentieth century shows that temperature anomalies during the pluvial period were cool even relative to previous decades ( Figure 7 ) and thus not likely a statistical artifact related to historical warming trends. For all three regions there is a significant (p<0.05) negative relationship between precipitation and temperature ( Figure 8 ). However, when the pluvial years are isolated (blue dots), we see that temperatures are near normal or cool (left side of the dashed line), regardless of the precipitation anomalies. This gives strong evidence to reject the second explanation and conclude that the temperature anomalies during the pluvial were largely independent from the precipitation anomalies, allowing them to be an independent causal factor for the pluvial moisture surpluses.
d. Sea Surface Temperatures
Drought and pluvial events over western NA are largely modulated by variations in SSTs, originating primarily from the tropical Pacific (Seager et al. 2005b ), part of a zonally and hemispherically symmetric pattern of global hydroclimatic variability (Seager et al. 2003 (Seager et al. , 2005a . Increased precipitation in the SW is associated with warm-phase El Niño events (1905, 1906, 1912, 1914, 1915) . Even during the pluvial El Niño events, off-equatorial SST anomalies in It could be that this GCM, like others, potentially misses an impact of SST anomalies in the extratropical Pacific on hydroclimatic variability over NA (which are implicitly resolved within a statistical framework) or it could be that the circulation anomalies important to the pluvial were a combination of El Niño forcing with a large dose of internal atmospheric variability. Only more work, including simulation with other GCMs, may be able to resolve this issue.
Discussion and Conclusions
Throughout history, persistent periods of extreme climate have significantly impacted the functioning of societies, and have often been instrumental in shaping resource use policies and societal reorganizations (e.g., Buckley et al. 2010; Hansen and Libecap 2004) . One such event, the early twentieth century pluvial, set up unrealistic expectations for water availability in western NA, leading to development trajectories that surpassed the long-term support capacity defined by the climatology of the region (Christensen et al. 2004 ). Increasing our understanding of the causes and dynamics of this, and other, climate events can help us place current and future climate changes in the proper context and inform how we deal with these events at the societal level. The specific goal of this study was to investigate the causes of the moisture surpluses during the early twentieth century pluvial, and determine how well anomalies during that time fit into our understanding of NA hydroclimatic variability. Our main results are summarized:
• Across the west, the origin of the moisture surpluses during the pluvial varied by region and can be attributed primarily to increased precipitation (the SW), decreased evaporative demand (the CP), or a combination of the two (the NW).
• El Niño played a partial role in the pluvial moisture surpluses, contributing primarily to increased moisture convergence and precipitation in the SW. However, other anomalies in the SST, circulation, and precipitation anomaly fields diverged from the expected El Niño response.
• The intensity and spatial extent of the pluvial can be well reproduced using a statistical model with conceptualized tropical and extratropical Pacific SST forcing (Cook et al.
in press). An independent GCM simulation driven by SST observations produces the El Niño response observed during the pluvial, but is incapable of simulating other important features.
Studies of pluvial events (e.g., Schubert et al. 2008; Seager et al. 2005b) in the climate literature are relatively rare when compared to the wealth of drought investigations, an understandable asymmetry given the typically larger impacts and costs of droughts. Extensive research into drought variability over North America has helped illuminate the role of SST variability in the ENSO region, and highlighted the importance of La Niña events as major drivers of persistent drought in the west (e.g., Seager et al. 2005b) . For the early twentieth century pluvial, however, our investigation indicates that SSTs in the ENSO region had relatively little explanatory power. This suggests that it may be wrong to conceptualize persistent pluvials as simply the opposite of droughts, and that they may possess characteristics unrelated to ENSO variability (e.g., cool temperatures) that are important for driving moisture surpluses. Research into pluvial dynamics is limited, however, by the paucity of extended pluvial events that have occurred during the instrumental period.
The discrepancy between the statistical model and the GCM also highlights some of the uncertainties and the often disparate conclusions reached by empirical (McCabe et al. 2004 (McCabe et al. , 2008 Time series correspond to the outlined boxes in Figure 1 : the southwest (SW; Niño years during the pluvial (1905, 1906, 1912, 1914, 1915) . All temperature and precipitation anomalies are relative to the 1961-1990 mean. Niño years during the instrumental period (top) and all pluvial years (1905-1917; bottom) . 38
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